Introduction
============

Acute liver injury results from the massive death of liver cells, leading to the development of hepatic encephalopathy and severe impairment of liver function ([@B01]). Acute liver injury still has a high mortality rate, despite significant progress in liver support systems and liver transplantation. A variety of studies have been conducted to investigate the pathogenic mechanism of acute liver injury, and various measures have been taken to treat this disease. Edaravone, a free-radical scavenger, has been found to exert protective effects on injuries to the brain ([@B02]), lung ([@B03]), and liver ([@B04]). Studies have shown that edaravone may effectively ameliorate liver injury induced by D-galactosamine (GalN)/lipopolysaccharide (LPS) ([@B05]) and endotoxin-induced liver injury after partial hepatectomy in rats ([@B06]). The protective effects of edaravone are attributed to the direct scavenging of hydroxyl radicals and inhibition of lipoxygenase activity ([@B07]).

Inflammation is another major pathogenic mechanism of acute liver injury. In paraquat or carbon tetrachloride-induced acute liver injury, proinflammatory cytokines \[including tumor necrosis factor (TNF)-α and interleukin (IL)-6\] increase markedly, but are reduced after anti-inflammatory treatment ([@B08],[@B09]).

In addition to oxidative stress and inflammation, hepatocellular apoptosis is another important mechanism underlying liver dysfunction and liver failure following LPS treatment ([@B10],[@B11]), and it represents an early, general, and possibly causal event in inflammatory liver failure ([@B12]). Apoptotic hepatocytes may also act as a signal to trigger neutrophil transmigration and subsequent parenchymal cell attack ([@B13]). Thus, apoptotic cell death, even if affecting less than 10% of hepatocytes, has to be considered as relevant in overall liver injury ([@B14]). The present study was undertaken to evaluate the protective effect of edaravone pretreatment and treatment of liver injury secondary to GalN and LPS exposure, and to determine the influence of edaravone on apoptosis and proinflammatory cytokines in this animal model.

Material and Methods
====================

Animals and treatment
---------------------

A total of 86 female BALB/c mice weighing 18-20 g and 6 weeks of age were purchased from Shanghai SLAC Laboratory Animal Co. Ltd. (China). These animals were housed in cages in a temperature and humidity controlled environment (temperature: 24±1°C; humidity: 40-60%) with a 12:12-h light-dark cycle. All experimental procedures were conducted according to the Guide for the Care and Use of Laboratory Animals developed by the United States National Institutes of Health, and this study was approved by the Ethics Committee for Animal Experiments of the School of Medicine, Shanghai Jiaotong University, China.

Mice were randomly divided into four groups: sham-operated (control), liver injury (LI), 1 mg/kg edaravone (Eda-1), and 3 mg/kg edaravone (Eda-3). In the latter three groups, liver injury was induced by intraperitoneal injection of GalN (50 mg; Sigma, USA) and LPS (40 ng, Sigma). In the Eda-1 and Eda-3 groups, mice were intraperitoneally injected with edaravone (Simcere Doyea Pharmaceutical Co., China) 30 min before and 4 h after GalN/LPS injection. In the LI group, mice were intraperitoneally injected with normal saline of equal volume at the same time points. Mice in the control group had no liver injury and were injected with normal saline of equal volume at corresponding time points.

Detection of liver function and cytokines
-----------------------------------------

Blood was collected from the orbit at 1.5 h for TNF-α detection after GalN/LPS treatment and at 8 h for the detection of IL-6, serum alanine aminotransferase (ALT), and aspartate aminotransferase (AST). IL-6 and TNF-α were measured with commercially available kits (R&D Systems, USA) according the manufacturer\'s instructions. Serum ALT and AST were determined with a HITACHI 7020 autoanalyzer, using commercially available reagents (Shino-test Corporation, Japan).

Determination of survival rate, histological examination, and TUNEL staining
----------------------------------------------------------------------------

The survival rate was monitored within the first 24 h after GalN/LPS injection. For histological examination, animals were anesthetized at 8 h after GalN/LPS treatment and 4% neutral formalin in phosphate-buffered saline was perfused via the hepatic portal vein. The liver was removed and embedded in paraffin followed by hematoxylin and eosin staining. The criteria for scoring hepatocellular necrosis were: 0, normal tissue; 1, cells with degeneration, edema, and cytoplasmic loose mesh; 2, scattered spotty necrosis; 3, scattered areas of massive necrosis; 4, massive necrosis over a large area (≥1/4 hepatic lobule); and 5, extensive necrosis (≥1/2 hepatic lobule). Five fields were randomly selected from each section at a magnification of 200× for histological evaluation. Pathological examination was done by two independent pathologists blinded to this study, and consensus was obtained. In addition, TUNEL staining (R&D Systems) was done to detect apoptotic cells according to the manufacturer\'s instructions. TUNEL-positive cells were counted in 10 randomly selected fields at a high magnification. Data are reported as the number of TUNEL-positive cells per field.

Western blot assay
------------------

Animals were killed by an overdose of anesthesia 8 h after GalN/LPS injection and the livers were collected. Tissues were lysed in a lysis buffer (10X, \#9803; Cell Signaling Technology, USA) according to the manufacturer\'s instructions, followed by extraction of total protein. After determination of protein concentration, equal amounts of protein were loaded, separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred electrophoretically to nitrocellulose membranes. Membranes were blocked with 2% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween 20 (TBST) at room temperature for 1 h and then incubated overnight at 4°C with TNF receptor 1 (TNF-R1), TNF receptor 2 (TNF-R2), caspase-3 or cleaved caspase-3 antibody (1:1000; Cell Signaling Technology), and β-actin (1:1000; Sigma) in 2% BSA in TBST. Horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibody (Santa Cruz Biotechnology, USA) in 2% BSA in TBST (1:2000) was used to treat these membranes for 1 h, followed by visualization with an enhanced chemiluminescence detection kit (Amersham; GE Healthcare Life Sciences UK). Bands were scanned using a densitometer (GS-700; Bio-Rad Laboratories, USA), and quantification was performed using the Multi-Analyst 1.0.2 software (Bio-Rad).

Detection of caspase-3 activity
-------------------------------

Liver tissues were homogenized in a buffer, pH 7.5, containing 25 mM HEPES, 5 mM MgCl~2~, 5 mM EDTA, 2 mM dithiothreitol, 0.1% CHAPS, 0.5 mM Pefabloc (Roche Molecular Biochemicals, USA), 0.1 mg/mL leupeptin, and 0.1 mg/mL pepstatin. The homogenates were centrifuged at 12,000 *g* for 15 min at 4°C, followed by collection of the supernatant. Then, 50 g protein in the supernatant was assayed for caspase-3 activity, which was measured with the ApoAlert caspase-3 colorimetric assay kit (BD Biosciences, USA) according to the manufacturer\'s instructions.

Statistical analysis
--------------------

Statistical analysis was performed with the SPSS version 13.0 statistics software (SPSS Inc., USA). Quantitative data are reported as means±SD. Statistical analysis was done with one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test. A value of P\<0.05 was considered to be statistically significant. Survival time was analyzed with a survival curve analysis.

Results
=======

ALT, AST, and survival rate
---------------------------

Serum ALT and AST levels in the control group were 36.6±5.5 and 29.5±4.9 U/L, respectively. The serum ALT and AST levels increased by approximately 156- and 40-fold, respectively, at 8 h after GalN/LPS injection compared with controls ([Figure 1A and B](#f01){ref-type="fig"}). This suggests that GalN/LPS treatment successfully induced acute hepatic injury. Mice without edaravone treatment began to die within 6 h after GalN/LPS injection, and the mortality rate was 80% at 24 h. However, pretreatment with edaravone markedly reduced mortality. The survival rate was about 40% in the Eda-1 group and about 80% in the Eda-3 group, which were both significantly higher than that in the control group (P\<0.05; [Figure 1C](#f01){ref-type="fig"}).

![Liver enzymes and survival rate in the different groups. *A*, Serum alanine aminotransferase (ALT) level (n=8). *B*, Serum aspartate aminotransferase (AST) level (n=8). *C*, Survival rate of mice at different time points after GalN/LPS treatment (n=10). LI group: liver injury induced by D-galactosamine and lipopolysaccharide (GalN/LPS); Eda-1 and Eda-3 groups: edaravone at 1 and 3 mg/kg 30 min before and 4 h after GalN/LPS-induced liver injury. Data are reported as means±SD. \*P\<0.05 *vs* LI group (ANOVA).](1414-431X-bjmbr-47-03-00231-gf001){#f01}

Histopathology and apoptosis
----------------------------

The above findings were supported by those obtained by morphological examination of the liver. At 8 h after GalN/LPS injection (LI group), multifocal, midzonal hepatocellular necrosis and severe hemorrhage were observed. In the liver of animals with edaravone treatment, the size and frequency of necrotic foci were significantly reduced compared with the LI group ([Figure 2A](#f02){ref-type="fig"}). The hepatocellular necrosis score was significantly decreased from 4.3±0.4 in the LI group to 2.9±0.4 in the Eda-3 group. However, there was no significant difference between the scores in the Eda-1 (3.8±0.5) and LI groups (4.3±0.4), although a slight reduction was observed in the Eda-1 group (P\>0.05). Apoptotic hepatocytes were detected by TUNEL staining. A large number of TUNEL-positive hepatocytes (183±24 cells/field) were observed in the liver at 8 h after GalN/LPS treatment. However, the number of TUNEL-positive hepatocytes was markedly reduced in the livers of edaravone-treated animals (153±30 and 97±21 cells/field, respectively; [Figure 2B and C](#f02){ref-type="fig"}).

![Histological examination and TUNEL staining. *A*, H&E staining of the livers after D-galactosamine and lipopolysaccharide (GalN/LPS) treatment. Representative images were captured from the 4 groups (scale bar: 20 μm). Sham group: normal lobular architecture and cell structure; LI group: GalN/LPS induced extensive hemorrhage (black arrow), massive hepatocellular necrosis and a moderate increase in inflammatory cells; Eda-1 and Eda-3 groups: edaravone at 1 and 3 mg/kg ameliorated GalN/LPS-induced liver injury. *B*, TUNEL staining of hepatocytes (red arrow; scale bar: 20 μm). *C*, Number of apoptotic hepatocytes. Data are reported as means±SD (n=6). \*P\<0.05 *vs* LI group (ANOVA).](1414-431X-bjmbr-47-03-00231-gf002){#f02}

Proinflammatory cytokines
-------------------------

Our preliminary study showed that TNF-α levels increased significantly as early as 1.5 h after GalN/LPS treatment. Thus, TNF-α levels were measured at 1.5 h after GalN/LPS injection, although edaravone treatment was not performed. Edaravone at 3 mg/kg significantly decreased TNF-α levels from 2759.1±974.0 ng/mL in the LI group to 1797.0±396.9 ng/mL, while TNF-α remained unchanged in the Eda-1 group after edaravone treatment, and was comparable between LI and Eda-1 groups ([Figure 3A](#f03){ref-type="fig"}). In addition, edaravone at 1 or 3 mg/kg significantly reduced serum IL-6 levels at 8 h after GalN/LPS injection ([Figure 3B](#f03){ref-type="fig"}).

![Serum TNF-α and IL-6 levels. LI group: liver injury induced by D-galactosamine and lipopolysaccharide (GalN/LPS); Eda-1 and Eda-3 groups: edaravone at 1 and 3 mg/kg 30 min before and 4 h after GalN/LPS-induced liver injury. Data are reported as means±SD (n=6). \*P\<0.05 *vs* LI group (ANOVA).](1414-431X-bjmbr-47-03-00231-gf003){#f03}

Expression of caspase-8 and caspase-3 proteins and caspase-3 activity
---------------------------------------------------------------------

Western blot assay demonstrated that expression of full-length caspase-8 and caspase-3 was reduced in mice undergoing GalN/LPS treatment, but expression of cleaved caspase-8 and caspase-3 increased significantly in the LI and Eda groups. However, this elevation was significantly lower in the Eda groups (especially the Eda-3 group) compared with the LI group ([Figure 4A and B](#f04){ref-type="fig"}). Caspase-3 activity in the LI group was increased 2.8-fold compared with controls, but this increase was lower in both the Eda-1 and Eda-3 groups ([Figure 4B](#f04){ref-type="fig"}; 2.2- and 1.5-fold, respectively, [Figure 5](#f05){ref-type="fig"}). TNF-R expression remained unchanged among the three groups ([Figure 4C](#f04){ref-type="fig"}).

![Western blot assay of caspase-3, caspase-8 and TNF-R. LI group: liver injury induced by D-galactosamine and lipopolysaccharide (GalN/LPS); Eda-1 and Eda-3 groups: edaravone at 1 and 3 mg/kg 30 min before and 4 h after GalN/LPS-induced liver injury. Data are representative of three independent experiments (n=8). \*P\<0.05 *vs* LI group (ANOVA).](1414-431X-bjmbr-47-03-00231-gf004){#f04}

![Assay of caspase 3 activity. LI group: liver injury induced by D-galactosamine and lipopolysaccharide (GalN/LPS); Eda-1 and Eda-3 groups: edaravone at 1 and 3 mg/kg 30 min before and 4 h after GalN/LPS-induced liver injury. Data are representative of three independent experiments (n=8). \*P\<0.05 *vs* LI group (ANOVA).](1414-431X-bjmbr-47-03-00231-gf005){#f05}

Discussion
==========

Traditionally, hepatocyte necrosis is a characteristic feature of fulminant hepatic failure, but increasing evidence indicates a dominant role of hepatocyte apoptosis in the pathogenesis of fulminant hepatic failure ([@B11]). In the present study, liver injury was induced in rats by administration of GalN/LPS, and was then followed by pretreatment and treatment with edaravone. Our results showed that edaravone treatment resulted in reductions in caspase-3 activity, expression of cleaved caspase-8 and caspase-3 proteins, the number of apoptotic cells, and caspase-3 activity. These effects were accompanied by decreases in serum TNF-α and IL-6. As a consequence, liver injury was reduced, as indicated by decreased ALT and AST levels, and mortality was reduced within the first 24 h following GalN/LPS challenge.

The mechanism of LPS-mediated apoptosis is not well understood. It has been found that LPS-induced apoptosis and proinflammatory cytokines (such as TNF-α) mediate acute liver failure and septic shock. TNF-α is an important mediator of LPS-induced hepatotoxicity and is involved in LPS-induced liver injury ([@B15]). TNF-α induces cell apoptosis via the death domain motif of its receptor, TNF-R ([@B16]). Binding of TNF-α to TNF-R may activate caspase-8 to trigger the apoptosis cascade. In our preliminary study, GalN/LPS increased serum TNF-α levels, which reached a maximal level at around 1.5 h after GalN/LPS treatment and returned to normal within 4 h (data not shown). In our study, although TNF-α increased markedly, expression of TNF-R remained unchanged. Thus, we speculated that the massive hepatocyte apoptosis in GalN/LPS-challenged livers was mediated by binding of increased TNF-α to its receptors on the cell surface. In addition, edaravone at 3 mg/kg significantly decreased TNF-α but had no effect on expression of TNF-R1 and TNF-R2. This suggests that the effect of edaravone was not mediated by a direct decrease of TNF-α. In addition, edaravone, even at a high dose, failed to completely reduce the expression of cleaved caspase-8, suggesting that other pathways in addition to the caspase-dependent pathway are involved in TNF-α-induced apoptosis.

It has been reported that a variety of extracellular and intracellular death stimuli, such as reactive oxygen species (ROS), trigger apoptosis in a mitochondria-dependent pathway ([@B17]), and LPS has been confirmed to induce ROS generation ([@B18]). The ROS-scavenging property of edaravone has been well documented in numerous previous studies ([@B19],[@B20]). LPS-induced ROS activation of an intrinsic mitochondrion-dependent pathway has been confirmed in human alveolar epithelial A549 cells ([@B21]), and studies have also shown that edaravone can inhibit apoptosis caused by liver ischemia/reperfusion injury ([@B22]). Thus, it would be of interest to test this hypothesis in a future study by investigating mitochondria-dependent pathways (e.g., cytochrome c or caspase-9) in the protective effect of edaravone on liver injury.

Ito et al. ([@B05]) also investigated the protective effects of edaravone on acute liver injury. However, the time points of treatment in this study were different from those in the study of Ito et al. Moreover, they investigated the influence of edaravone as a free radical scavenger during oxidative stress. In this study, we emphasized the role of apoptosis in the hepatoprotective effects of edaravone. Our results demonstrated that edaravone can effectively ameliorate GalN/LPS-induced liver injury in mice by reducing proinflammatory cytokines and inhibiting apoptosis.
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